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Transverse SSA (TSSA) and AZIMUTHAL ASYMMETRIES (AA)

e LARGE TSSAS OBSERVED: E704-Fermi Lab, STAR & PHENIX
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L-R asymmetry of 7 production and A p; for m(y production at STAR : PRL 2004
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Heller,...,Bunce PRL:1983 PRL: 1983: Up-down asymmetry depicted for A production in p-p COM-frame.
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Update including Data 2004
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Transverse SSA (TSSA) and AZIMUTHAL ASYMMETRIES (AA)

* In Colinear approximation QCD PREDICTS
TSSA vanishingly small at large scales and leading order o
Generically,

do+ —deT  2Imfrtf-
a6+ doT TP ITP

_ 1 . —
L/ T>=Js(l+> %il—>) = Ay

Requires helicity flip as well as relative phase btwn helicity amps

Partonic level, massless QCD conserves helicity & Born amplitudes are real!
Interference btwn loops-tree level Kane, Repko, PRL:1978 Yyield Ay ~ mqozs/\/E
Exp glaringly at odd with this result 7Twist three effect
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Inclusive A production From PQCD (pp — ATX)

pp—)ATX L pp—>A¢X
0} 0}

Pr =
A do-pp—>ATX_|_d0-pp—>A¢X

o Need a strange quark to Polarize a A (pp — ATX)

e PQCD contributions calculated: Dharmartna & Goldstein PRD 1990

e Py goes like myas/+/s as predicted m, is the strange quark mass:
Effect is twist 3 & small~ 5%
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Helicity Flips Accommodated in Hard Scattering, from
“Transversity” Distributions

Drell-Yan p; py = IT1~ X (2 in the initial)
SIDISI p; = I"h X (1 ininitial 1 in final)

* DY :Ralston and Soper NPB:1979 encountered double transverse spin asymmetry

ADY _ 2sin2 cos(d1+¢2) D4 eih‘f(m)ﬁ?(m)
o lteos®0 3, edfi(x) fi(x)

h1(x)

hi(xz) probability to find quark with spin polarized along transverse spin
direction minus oppositely polarized case
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“T-0dd” (or A;) Correlations: Beyond Co-linearity

e TSSA indicative “T'-odd” correlations among transverse spin and momenta
eg PPtsrx Sp-(Pxky)

y P 'ﬁkl
~

St

e Sensitivity to k| intrinsic quark momenta, associated non-perturbative
transverse momentum distribution functions TMD

Soper, PRL:1979: fko_P(kJ_, ZE) = f(SU)

e Correlation accounts for left-right TSSA Sivers: PRD 1990 in inclusive 7 production
(Anselmino & Murgia PLB: 1995 ...)

® Collins NPB 1993 proposed T-odd correlation of transversely polarized fragmenting
quark: TSSA in lepto-production ¢5 — ¢/ = X
sr - (p x Pp), sy spin of fragmenting quark, p quark momentum and Py,
transverse momentum produced pion
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Hadron helicity flip can occur, furnished by orbital
angular momentum quarks have k|

A=1/2 A=—1/2
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Beyond Co-linear QCD: 7-Odd Correlations

Recent Times Boer & Mulders and Co. incorporated k; T-odd PDFs and FFs:
Relevant to hard scattering QCD at leading twist. Adopted Factorized Description
Ellis, Furmanski, Petronzio NPB: 1982, Collins et al. PQCD... : 82, J. Qui PRD: 1990, Levelt & Mulders, Mulders &

Tangerman, NPB: 1994, 1996

(N —L'hX 2

do _ Mma Y Sy e wlh

dxdydzd?P;, | 204z " R
0 K] | 'lki
A Vv

Pl 3 |p
®
Hadronic Tensor

2MW"(q, P, P,) = /d2PTd2kT52(PT + qr — kr) Tr[®(zB, pr)Yy" A(2n, kT)Y"]

+(g —q, pv)
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Color Gauge Invariance Built into Factorized QCD at “leading
twist” -Wilson Line & T-0Odd Contributions to QCD Processes

® Gauge Invariant Distribution and Fragmentation Functions
Boer, Mulder: NPB 2000, Ji, Yuan & Belitsky PLB: 2002, NPB 2003, Boer, Mulder, Pijiman NPB 2003
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sub-class of loops in eikonal limit (soft gluons) sum up to yield color gauge invariant hadronic
tensor factorized into the distribution and fragmentation operators
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Rescattering-1S1/FSI T-0Odd Contributions to Asymmetries

PLB: 2002 Brodsky, Hwang, and Schmidt demonstrate rescattering of a gluon could
produce the necessary phase leading to nonzero SSAs at Leading Twist

——

Initial-Final state effect: St - (P x k)

e Ji, Yuan PLB: 2002 describe effect in terms of gauge invariant distribution functions

e Demonstrates that BHS calculated Sivers Function fi-(z, k)|
In Singular gauge, AT = 0, effect remains

e Collins, . modifies earlier claim of trivial Sivers Effect
flLT(kaL)' — _-flLT(xakLMDY
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FSI Mechanism can Generate Boer-Mulders- hi

Goldstein, Gamberg—ICHEP-proc., Amsterdam: 2002, hep-ph/0209085, G, G and Oganessyan PRD 2003

o hf Naturally defined from gauge invariant TMD: Co-joined with Hf enters cos 2¢ AA

e Applied “eikonal Feynman rules”
to calculate (Collins, Soper, NPB: 1982) ‘ o ‘ hZx)

oL+ 1 _ 1k
@{hﬁ Wlp k) = 5/dp Tr (ia“%,cb) — & E S (x, ky)

—_ —_- —_— i - = = =

d¢~d i
oz, k) = Z/ 52(%)? &k L(p PIREOG]_ _ 1X)(XIG(0 o TYOIP)| 4o + he

hi]‘(a:, k | ), represents, number density transversely polarized quarks in an unpolarized nucleons nucleons-complementary to flJ‘T(:n, k),
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Provide source of T-Odd Contributions to TSSA and AA

e Enter the leading twist distribution and fragmentation correlators “T-
odd” Distribution Functions: Transversity Properties of quarks in Hadrons
Boer, Mulder: PRD 1998

1 Pl | an_ €uvpeyn” k- ST

Az, k1) = —{Di(z,zk1) -+ Hi (2, 2k.) o P pr LORT 4
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SIDIS cross section
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e , s L
- S nf / 7/
Kotzinian NPB:1995, Mulders, Tangerman PLB:1995 7/

P, [dps [d>Py | ];\’/;7{ sin(p+bs) (daT—da‘L) /
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7r J d¢s [ d?Py | (doT + dot)

21 — y) Xq e2hi(@)zH; VD (2)
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= |S7|

(Sivers PRD: 1990, Anselmino & Murgia PLB: 1995 )

|

N @ flT D (X‘ kT)
kT

— y)? &2 - (). DY(»
<|PJ\}2IL|Sin(¢_¢S)>UT = |ST\(1—H1 Y)7) 2qeqfir  (2)2Di(2)

1+ (1 —y)?) >, e2fi1(z)Di(z)

Y

e Probes the probability for a transversely polarized target, pions are produced
asymmetrically about the transverse spin vector:
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cos 2¢ Asymmetry Generated by ISI & FSI thru Gauge link

Goldstein, Gamberg—ICHEP-Amsterdam: 2002, hep-ph/0209085, G,G, & Oganessyan PRD:2003
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P? ||
ACE29) <| hLl cos2¢)
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8(1 —y) X, e2ht V(z, Q1) 22H (2, Q%)
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D. Boer, P. Mulders, PRD: 1998
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Estimates of T-odd Contribution in SIDIS (& and Azimuthal
Asymmetries Drell Yan (GSI program)

cos 2¢ Asymmetry

*x The spectator model used in previous rescattering calculations assumes point-like nucleon-
quark-diquark vertex, leads to logarithmically divergent, asymmetries
Goldstein, Gamberg, ICHEP 2002; hep-ph /0209085,
Gamberg, Goldstein, Oganessyan PRD 2003; Boer, Brodsky, Hwang, PRD: 2003(Drell-Yan)

hi(z k1) = fip(z kL)
_ deer A-a)(mtaM) M A(K])
T 4m(2m)3 A(K?) k2 A(0)

2 2
A(ki) = ki + z(1 — x) (—M2 + 4 1)‘_—$>

e Asymmetry involves weighted function

2

k
hgl)L(x) = /koLﬂ\}th(x,ki) diverges
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Gaussian Distribution in k|

Log divergence addressed by approximating the transverse momentum dependence
of the quark-nucleon-vertex by a Gaussian distribution in k2,
Gamberg, Goldstein, Oganessyan, PRD 67 (2003)

(lb(O)1P) = (5 ) TEDU(PS). b=

where T(k%) = Ne PFL

U(P,S) nucleon spinor, and quark propagator comes from untruncated quark line

2 72
ere2g” b (m +axM)(1 —x) 1 5
hi(z, ki) = R(k7, 1

with
2
R(k2 ) = exp 22(K1 —A(0)) (T(0,26A(0)) — (0, 26A(k7)) )

e lim < k7 > — oo width goes to infinity, regain log result
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INPUTS: Boer-Mulders and Unpolarized Structure Function fi(z)

fi(z) = (29:)23—22 (1—z)- {<m+$§‘{(>02)‘1‘(0) _ [zb ((m T aM)? - A(o)) _ 1] e20A0) (o, 2bA(0))}

x Normalization, fol u(z) = 2
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Pion Fragmentation Function

Di(z) = 4(2Wq)q27r1 (1 - z){ A—I(g)’(o) B [%/ (m2 B A,(O)) B 1] 62b’A’(0)F(0,2bIA/(O))},

which, multiplied by z at < ki >= (0.5)% GeV? and p = m, estimates the distribution of Kretzer, PRD: 2000
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Gauge Link-Pole Contribution to T-Odd Collins Function

|1 —
Gamberg, Goldstein,Oganessyan PRD68,2003 Ale 75](2:, ki) = i f dk+TT(’y_’7J"y5A)|k_:PW_/Z

. : .

. : -

2
{=—1i€e Eikonal Feynman Rules Collins '82' £+ e

Motivation:color gauge .inv frag. correlator “pole contribution”
R .
We evaluate the projection Al 75l results in leading twist, contribution to T-odd pion

fragmentation

2.2 9
N’ 1 (1 — M
Hf_(za kJ_) = f J ( Z) a TFR(Za ki)
(2m)4 4z 2 A’(k:ﬁ_) kﬁ_

2
where, A'(k%) = k2 + 12_22M72r + £ — 1_sz2
19
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Collins Asymmetry

Gamberg, Goldstein, Oganessyan PRD 2003: updated For the HERMES kinematics
1 GeVZ < Q% < 15 GeV2, 4.5 GeV < Ex < 13.5GeV, 0.2 < 2 < 0.41,0.2< 2 <0.7,0.2 <y < 0.8, < P? | >= 0.25 GeV?

Py 2(1 — y) X, €2hi ()2 H; M (z)
sin(¢ + ¢ = |S .
ot SO T SshiuT 'T'<1+(1—y>2>zqegf1(w>D1(z>

Data from A. Airapetian et al. PRL94,2005
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Estimates for Sivers Asymmetry

Data from A. Airapetian et al. PRL94,2005
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Double T-odd cos2¢ asymmetry

Transversity of quarks inside an unpolarized hadron, and cos2¢ asymmetries in unpolarized
semi-inclusive DIS

2 p | |
( Lo cos 2¢) _ J4F M cos2¢do 8(1 —y) 3, e2hy V(@) 22 Hy W (2)
M - fd2P;,_| do (14 (1 =S e2f1(z) Di(2)
0.07 —— , | | | | |
006/~ |
005 |
g 004
= |
< 003
0.02—/\/
001
T

X andz
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Gauge Link Contribution to Collins Function

Metz: PBL 2002, Gamberg, Goldstein, Oganessyan PRD: 2003: Bacchetta, Metz, Jang: PLB: 2003, Amrath, Bacchetta, Metz:

PRD 2005, G.G. in progress

Al vl kY= L fdkTTe(v v LtAyeA _  Boer, Pijlman, Muders: NPB 2003
(z,k1) =77/ r(y" Y5 )k_=P7r / ]
Pt \
/ \
Ph/(““ ...\.PE Ph/‘f‘“‘ '..\.Ph
gkl K |k ¢« + hc
RNV V.V VY
of e ol 1 [
P P P !
/l \\
/ \
/ \ —|—
yi - \

7
£~ —i€ Fikonal Feynman Rules Collins '82
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Gauge Link Contribution to Collins Function

Gamberg, Goldstein, Oganessyan PRD: 2003: Bacchetta, Metz, Jang: PLB: 2003, Amrath, Bacchetta, Metz: PRD 2005,

Gamberg Goldstein in progress

e Is the eikonal pole in physical regime of the Collins function Correlator?
And or off shell v 4+ g — ™ + q'? Are these the same “objects”?

e Explore Pole Structure of Loop Integral

*

Using Cauchy’s theorem to evaluate the Color Gauge invariant Correlator A["L_%](z, k1)
eikonal pole exists at z = 1: exclusive limit.

Deeper analysis of pole structure indicates a light-cone divergence: §(£1)6(4")

Regulate it and evaluate box/correlator in the eikonal limit on the fragmenting quark:
eikonal pole outside the physical regime ie £~ < 0

In correlator keep n off light conen - A , n = (n~,n™) (see Ji, Yuan, Ma PLB: 2004)

? Consistent with Correlator definition? Yes “maybe”....
Within spectator model, em suggests Collins Function universal between ete™ and SIDIS.
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Efremov-Teryaev Qiu-Sterman Mechanism:
TSSAs: RHIC PHYSICS! pp— — X and Twist Three Mechanisms

Efremov-Teryaev:PLB 1985 Point that “KRP"” not the whole story: A is twist three but can be
generated in co-linear QCD and be large from gluonic and fermionic poles in propagator of hard

parton subprocess & [ o Pmesons
o O Total energy
S04
S — Collins
U<Z -+ Sivers
o [ --— |Initial state twist-3
1 ]_ c — Final state twist-3
P y €
——— = P— —iwd(xzs) 5 02
. (7)) ..
xrs + 1€ xrs 2 )
z -
<
0.0 ==
p;0= 101113 15 18 21 24 GeVl/c
024 0.2 0.4 0.6 0.8

Xg

® Qiu & Sterman :PLB 1991, 1999 & Koike & Kanazawa:PLB 2000 at Large Pp ~ 1lget helicity flip and phases

A
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Connection between Sivers Asymmetry and ETQS mechansim

g
1(;*)(50) = SV T}V)(m, x) (2)
T

e Connection: Integrating out transverse momentum in the Sivers and Collins funct yield
Efremov-Terayev Qiu-Sterman twist three distributon and fragmentation functions

e In particular understanding connection impacts general questions of Universality in the Collins
Fragmentation function Boer, Mulder, Pijlman NPB 2003

HiL(l)(z) — E(z, 2) (3)

Koike, Boer and others
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Unpolarized DRELL YAN cos2¢

Iepton plane (cm) I_) —|— P — 'LL_'LL+ -l— X
dN do __ do 3 1 2 . 2 v .2
d—Q:(qu) 1d4qu:47r)\—|—3<1+>\COS 0 + wusin 0cos¢—|—§sm OCOS2¢> (4)

Angles refer to the lepton pair orientation in their COM frame relative and the initial hadron's
plane. Asymmetry parameters, A, i, v, depend on s, x, miu, qT

Boer PRD: 1999, Boer, Brodsky, Hwang PRD: 2003 Collins SoperPRD: 1977 subleading twist

. . . .. . L
e Leading twist cos 2¢ azimuthal asymmetry depends on T-odd distribution h7 .

1 .
23, e.F |(2pL ki —pi - k) @kr)h (2.Pr)

M1 My
Za,a 63,-¢[f1f1]
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Higher twist comes in

hi-(z,k2) R (%, _
2y, e:F |(2pL - kL —p1 - ki) ( 1\51)]\412( Pr)| 4 valwa fi1fi]

vV =
> aa el lf1f]
e [wi iz, k) i@, pu)]
AT eF (h(e k)R pL)
Weight

wy = 2 (fl (kL — PL))Q — (kL —p1)°

K"al
/-\
8I
.
|_
N

Convolution integral F = [ d°p.d’k,6°(pL + k1 —q1)f%(z,pL)f*
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Gamberg Goldstein hep-ph/0506127 s = 50GeV? = = 0.2 — 1.0, and q = 3.0 s 6.0 GeV and
qr — 0—3.0GeV
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SUMMARY

Going beyond the collinear approximation in PQCD recent progress has been achieved
characterizing transverse SSA and azimuthal asymmetries in terms of absorptive scattering.

Central to this understanding is the role that transversity properties of quarks and hadrons
assume in terms of correlations between transverse momentum and transverse spin in QCD
hard scattering.

These asymmetries provide a window to explore novel quark distribution and fragmentation
functions which constitute essential information about the spin, transversity and generalized
momentum structure of hadrons.

Along with the chiral odd transversity T'-even distribution function, existence of 1'-odd
distribution and fragmentation functions can provide an explanation for the substantial
asymmetries that have been observed in inclusive and semi-inclusive scattering reactions.

We consider the angular correlations in SDIS and Drell Yan from the standpoint of “rescattering”
mechanism which generate T'-odd, intrinsic transverse momentum, k,, dependent distribution
and fragmentation functions at leading twist

Addressing issues of Universality of Collins Function in Correlator

Azimuthal asymmetries in Drell Yan and SSA measured at HERMES and COMPASS, JLAB,

Belle, GSI-PAX may reveal the extent to which these leading twist T-odd effects are generating
the data
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